Experimental data for the vibrational relaxation NO(X 
Introduction
The vibrational relaxation of diatomic molecules AB in a degenerate electronic state upon collisions with chemically inert atoms C proceeds mainly through a curve-crossing mechanism, provided the Landau-Teller path makes a smaller contribution to the inelastic event. 1, 2 In particular, in the case of the deactivation of the first vibrational state (rate coefficient k 10 (T)) the relevant crossing diabatic potentials correspond to the least repulsive vibronic state of the system AB(v = 1) + C and the strongest repulsive vibronic state of the system AB(v = 0) + C. An example of this mechanism is the relaxation of NO(X 2 P, v = 1) in collisions with noble gas atoms where two crossing vibronic potential energy surfaces (PESs) correspond to the (A 00 , v = 1) and (A 0 , v = 0) vibronic states of the collision system. Being of different symmetry with respect to a reflection of the electron coordinates in the three-atom plane, the two vibronic states are coupled by Coriolis interaction, induced by the rotation of the plane, and by spin-orbit interaction mixing the electronic states of different symmetry. If the nonadiabatic coupling in the crossing region is described by the Landau-Zener (LZ) formalism, the LZ vibrational relaxation rate coefficient LZ k 10 (T) assumes a well-defined temperature dependence 3,4 governed mainly by an Arrhenius factor with the activation energy E a . Within this approach, tunneling nonadiabatic transitions are ignored. Earlier estimates of tunneling corrections to the LZ rate indeed showed that they are negligible at T 4 1000 K such that the LZ approach 3, 4 appeared to be adequate for interpretation of the available experimental data. 5, 6 In the present work we revisit the question of tunneling nonadiabatic transitions for two reasons. First, earlier estimates were performed on the basis of rather low values of E a (E a /k B E 750 K), whereas later experiments suggested a much higher barrier 7, 8 for which tunneling may be more pronounced. Second, these experiments also indicated a tendency of a slower decrease of k 10 (T) with decreasing temperature than predicted by the LZ treatment. 9, 10 It is the aim of the present work to correct the LZ expression for the relaxation rate coefficient and to elucidate implications for NO-Ar collisions that follow from this correction. In our article, Section 2 discusses the evidence for tunneling, and Section 3 presents a description of the tunneling contributions in a linear model of diabatic potential curves. In Section 4 this description is generalized to nonlinear diabatic potential curves. Section 5 applies the results to NO-Ar collisions in the effective mass approximation for two-dimensional (translational/rotational) non-adiabatic dynamics and Section 6 concludes the paper.
2. Evidence for nonadiabatic tunneling in NO(X 2 P, v = 1) + Ar -NO(X 2 
P, v = 0) + Ar collisions
Experimental data for the rate coefficient of the vibrational relaxation NO(X 2 P, v = 1) + Ar from ref. 7 (denoted by GT k 10 (T)) are presented in Fig. 1 as red circles. The figure compares these data with a number of representations.
The blue line is drawn through the data points over the temperature range 900-1500 K where the rate coefficients for the competing LT relaxation mechanism LT k 10 (green dotted line) lie much lower than the experimental values of k 10 (T). The LT rate coefficients for NO(X 2 P, 
Here the temperature independent factor LZ A includes contributions of the nonadiabatic coupling. The temperature dependent factors of eqn (2.1) consist of an Arrhenius factor arising from the probability of arriving at the crossing of the two vibronic PESs on the initial (A 00 , v = 1) PES, the middle factor related to the coupling (with the linear term, T, from averaged Coriolis interaction and the temperature independent term, T SO , from spin-orbit interaction) and the first factor, T 1/2 , originating from the width of the channel that passes through the activation energy point E a . Within the LZ treatment the nonadiabatic transition for the linear model neglects classically forbidden transitions (i.e. for collision energies E below the crossing value E a ) and includes classically allowed transitions (for E 4 E a ) without accounting for interference effects. The LZ rate coefficient LZ k 10 within this approach in Fig. 1 is fitted by eqn (2.1) to the high-temperature part of GT k 10 , leading to values of A = 5.0 Â 10 À19 cm 3 s À1 , E a /k B = 4500 K, and a parameter T SO = 3225 K which is proportional to the known spin-orbit splitting of the X 2 P state of NO. We note here that the fitted value E a /k B = 4500 K somewhat differs from the estimated value of E a /k B derived from the ab initio calculations of potentials in ref. [12] [13] [14] that yield E a /k E 5400 K. Because of the dominance of the Arrhenius factor, the temperature dependence of the preexponential factor in eqn (2.1) is hardly discernable. The deviations of the experimental points from a straight line, i.e. the difference between the full and dashed curves in Fig. 1 , can then be interpreted as a manifestation of tunneling and interference that are ignored by the LZ modeling. We represent these deviations by an expression of the form
For the lowest temperatures attained in the shock tube experiments (about 900 K), C(T) takes a value of about 2.
The following comment on the adiabatic states of the NO(X 2 P) + Ar system will be in order. In the asymptotic region, /D BO are then calculated completely neglecting the spin-orbital interaction, and the latter, together with the Coriolis coupling, then considered as a weak perturbation. This scheme of transformation of asymptotic states into the states with strong interfragment interaction is discussed in detail in ref. 16 . Within the transition state approach, the initial canonical distribution over the states of collision partners becomes a canonical distribution over the states of the activated complex. A lot of processes can happen on the way from the asymptotic region to the critical surface but they do not show up in the canonical-to-canonical transformation of the distribution function, including the L-doublet propensities in the rotationally inelastic Ar-NO(X 2 P) scattering.
Within the linear model of weak nonadiabatic coupling, which is the basis of the LZ approximation to k 10 , the tunneling and the interference effects can be taken into account by expressing the nonadiabatic transition probability through the Airy (Ai) function. We discuss this approach in Section 3 and employ it to the experimental data in Section 5. When eqn (2.2) is applied to experimental conditions near room temperature the factor C(T) exceeds a factor of one hundred such that an analysis by the Airy approximation is not possible. This issue will be discussed in Section 4.
Airy approximation for nonadiabatic tunneling
In the weak-coupling limit of the linear model, the non-adiabatic transition probability P(E) for transition between the PESs of two contributing vibronic states is expressed 1 through the Airy function
Here E is the energy of the representative point moving on the linear diabatic potential curves that cross at the energy E a . The characteristic energy parameter E q depends on the slopes of the diabatic potentials F 0 and F 00 , their difference DF = |F 0 À F 00 |, and the effective mass m q of the motion along the reaction coordinate q,
The factor in front of Ai 2 in eqn (3.1) does not depend on the energy. It is proportional to the square of the coupling interaction, which is responsible to the change of the crossing diabatic potential curves into the nearly-crossing adiabatic curves with small avoided crossing gap. Since in the following we discuss the ratios of probabilities this factor can be disregarded. The LZ approximation of Ai P(E) is obtained from eqn (3.1) when the square of the Airy function, for (E À E a )/E q c 1, is replaced by its WKB asymptote which then is averaged over the Stueckelberg (St) oscillations and extended over the classically allowed energy range by extrapolation down to (E À E a )/E q { 1,
where Y is the step function. Within the Airy approximation, the correction factor CR Ai C(T) then is expressed through the ratio of the canonically averaged probabilities with the formal energy limits ÀN o E o N;
Ai CðTÞ
The convergence of the integrals in eqn (3.4) at the upper limit is guaranteed by the exponential drop in the Boltzmann factor while convergence of the integral in the numerator at the lower limit is a result of the stronger drop of the Airy asymptote compared to the increasing Boltzmann factor. Finally, Ai C(T) can be expressed analytically as
Considering the quality of the Airy approximation in Ai C(T) one should take into account that Ai C(T) can overestimate the tunneling effect for two reasons: (i) the triangular barrier formed by the two straight lines of the diabatic curves is too narrow compared to a more realistic crossing and (ii) the extension of collision energies to values much lower than E a can lead to incorrect contributions from negative collision energies. It is thus instructive to split Ai C(T) into two terms, Ai C + and Ai C À that come from classically allowed and classically forbidden energy ranges (E 4 E a and E o E a , respectively), i.e.
One should note that the decrease of Ai C + with increasing E q /k B T is due to the decreasing quality of the WKB approximation in the shrinking effective energy range above the activation barrier, while the fast increase of Ai C + arises from the tunneling transitions.
We now turn to a discussion of the applicability of the linear model. The applicability of the linear model is limited by the condition that it still applies to energies E below the activation threshold (i.e. E o E a ), which substantially contribute to the tunneling probability. The main contribution here comes from energies close to the steepest descent energy E*. The value of E* can be found from the interplay of the Boltzmann factor exp((E a À E)/k B T) that increases with decreasing E and the asymptotic Airy tunneling probability being proportional to exp(À4(E a À E) 3/2 /3E q 3 ). A steepest descent argument yields View Article Online wherefrom one finds
If, as an example, one takes the condition of the applicability of the Airy approximation as E a À E* r E a , this leads to
With the limit E q = Ẽ q , that makes E* equal to E a /2 (i.e. which replaces r in eqn (3.7) by =), the tunneling correction amounts to
For higher values of E q , E q 4 Ẽ q , the factor Ai C will be larger, but
the corresponding values of E* will decrease, such that the difference E a À E* is also larger, and the approximation of the linear model becomes more questionable. Assuming that the choice E* = E a /2 corresponds to the minimal value of E* that meets the criterion for applicability of the linear model, eqn (3.9) defines the maximum value of E q for which eqn (3.7) is still approximately valid. As an example, T = 900 K in Fig. 1 corresponds to E a /k B T D 5. At this temperature, as shown in the figure, the factor C is about 2. On the other hand, eqn (3.9) yields exp(E a /6k B T) = 2.3 which appears to be the maximum reliable value of the factor C expressed through Ai C The given discussion illustrates the limitations of the linear model in accounting for tunneling corrections and its failure for the extrapolation of experimental data to lower temperatures (here below about 900 K).
Beyond the Airy approximation: generalized semiclassical treatment
The Airy approximation to the tunneling correction can be considered as a special case of Miller's quantum transition state theory. 17 One of the versions of this theory is the optimal trajectory (OT) approach 18 which is based on the calculation of the classical action integrals along the tunneling trajectories and the choice of a single optimum trajectory out of the initial Boltzmann ensemble of possible trajectories. The OT begins on one PES, reaches the crossing manifold, and exits on the other PES. The OT leads a part of the Boltzmann ensemble on the initial PES to a distribution on the final PES. The general OT method is outlined in ref. 18 . In the following we use a more simplified version, retaining the notion of the reaction coordinate and the effective mass, but going beyond the linear approximation for the diabatic potential curves. This eliminates difficulties related to the multidimensional character of the tunneling process, but improves the incorrect asymptotic behavior of the linear diabatic curves. It allows one to pass to cases where the tunneling contribution is large. In extending the Airy approximation for curve-crossing situations to lower energies, we apply the same approach as used in our earlier work for an extension of the classical LT treatment for non-crossing curves to a quantum energy regime. 19 Here we will follow the Landau idea 20 
where q c is the crossing point (i.e. V 0 (q c ) = V 00 (q c )) and q is any point in the classically allowed region of motion for both V 0 and V 00 potentials. Note that asymptotically (for q -N) V 00 (q) converges to zero, while V 0 (q) assumes a quantity ÀDE 10 . The collision energy E varies in the range 0 o E o E a , where the condition E 4 0 secures the applicability of the WKB approximation at the lower limit of the important energy range and the condition E o E a corresponds to an exponentially small probability at the upper limit of the energy range. The expression of eqn (4.1) is obtained by analytical continuation of the WKB functions from the classically allowed region of the under-barrier energy range into the classically forbidden region. It differs from the expression for the probability to reach the crossing point q c by WKB tunneling, Tunn P, from the classically allowed region. The expression for Tunn P is similar to that of SC P except that the minus sign in the square brackets in the exponent is replaced by plus, such that the exponential becomes proportional to the product of the tunneling asymptotics of the squared initial and final WKB wave functions. 22 Since each of the action integrals in the exponent in eqn (4.1) is supposed to be large under the applicability of the WKB approximation, the change in the sign results in the relation Tunn P { SC P. This indicates that the term ''tunneling nonadiabatic transition'' should not be interpreted too literally: actually, a nonadiabatic transition here occurs as a result of the motion in a classically allowed region which is separated from the crossing point by a region in which the quantum motion is classically forbidden and therefore bears the tunneling character. Again, we note that the potentials in the classically forbidden region must represent analytical continuations of potentials from the classically allowed region. This point is discussed in detail in ref. 23 . Eqn (4.1) allows one to consider the limit when the energy E is only slightly below E a but the WKB exponent (WKBE) is still large. Then, near the crossing point, where V 0 (R) = V 0 (R) = E a , both potentials are represented by linear functions of R À R c , and eqn (4.1) is expected to yield the tunneling Airy probability (expressed through the asymptotic representation of the Airy function) for not too large values of E a À E. Moreover, the complete expression for SC P (with the preexponential factor included) should be identical to the Airy tunneling probability Ai P:
where E q is defined by eqn (3.2). In this way, the expression of eqn (4.2) permits a rough estimate of the unknown preexponential factor of eqn (4.1) provided it can be extrapolated beyond the limits of the linear model. We will illustrate the above for a model of two exponentially (Exp) decaying potentials V 00 (q) = E a exp(Àa(q À q c ))
which have adjustable slopes at the crossing point and the asymptotic position of the vibronic energy levels. Besides, the action integrals in eqn (4.1) can be expressed analytically. For this model, eqn (4.2) assumes the form
In eqn (4.4) and (4.5), e = E/E a is the scaled energy, d = DE 10 /E a is the reduced asymptotic spacing, and W a ¼ ffiffiffiffiffiffiffiffiffiffi ffi 2mE a p ha is the WKB parameter (the product of the wave vector for the collision energy E = E a and the range of the potential). The latter is related to the characteristic Massey parameter x a for nonadiabatic transitions between the asymptotic states at the collision energy E = E a , x a = W a d. Note that the applicability of the WKB approximation and the adiabatic behavior at infinity require the fulfillment of the condition W a c 1 and x a c 1.
For e close to unity, i.e. 1 À e { 1, the exponential functions in eqn (4.5) can be replaced by linear ones, so that the expression for Exp F(e, d) simplifies to Exp Fðe; dÞ
This expression, when substituted into eqn (4.4) yields the asymptotic Airy probability from eqn (3.1) with E q given by
The SCExp tunneling correction SCExp C is calculated by averaging SCExp P(E) over a Boltzmann distribution (counted from the reference energy E = E a ) of tunneling energies:
The interplay between the Boltzmann factor (increasing with decreasing E) and the tunneling probability (decreasing with decreasing E) leads to a pronounced maximum in the integrand such that WKB C can again be estimated by the steepest descent approximation. This leads to Note that e = e* determines the energy of the OT for the above model. If e* is close to unity (i.e. 1 À e* { 1), the exponentials in eqn (4.5) can be approximated by linear functions which yields Note that, for A a = 15 (corresponding to T = 300 K in the present case), SCExp C is quite large reaching up to values of 100-400.
Two features of Fig. 3 deserve particular attention: (i) Tunneling contributions for exponential potentials, for not too small values of the Arrhenius parameter A a , are substantially lower than obtained using the Airy approach. We ascribe this to an overestimation of tunneling by the Airy approach that relies on the linear model with a narrow triangular crossing pattern of diabatic potential curves
(ii) On the other hand, the tunneling contribution for exponential potentials may be particularly large for large Arrhenius factors. For instance, for A a = 15 (i.e. here for T = 300 K) the values of SCExp C, as judged from their exponents with W a = 8-10, amount to 150-400. At these values of A a = 15 and W a , the optimal energy is E* E E a /2, and the WKB and Massey parameters are
. We believe that conclusion (ii) is quite general and will hold for other nonlinear one-dimensional potentials and for more realistic multidimensional potentials as well. This observation suggests that the NO-Ar system is an interesting example for multidimensional quantum treatments of nonadiabatic tunneling once the adiabatic vibronic PES is reasonably well known. The simplifying features (at room temperature and above) here are the WKB conditions for rotation of NO and NO-Ar translation, and the extensive quenching of interference effects for the initial thermal ensemble which eliminates the need to resort of multidimensional uniform approximations. [24] [25] [26] The simplest semiclassical counterpart of the multidimensional quantum treatment of the nonadiabatic tunneling might be the optimal trajectory methods 18 and more general approaches as described in ref. 27 and 28.
Nonadiabatic tunneling in
In this section, we analyze the Airy approximation in order to learn more about some features of nonadiabatic tunneling near 900 K (see Fig. 4 ). We adhere to this approximation not only because of its simplicity, but also since it takes into account contributions from overbarrier transitions. For instance, with C D 2, the latter contribute about 25% to the total value of C (see Fig. 2 ). We therefore assume that the value of C is given by eqn (3.5) and we regard E q as a fitting parameter. The performance of this approximation, for E q /k B = 1800 K, is illustrated in Fig. 4 .
We consider the value E q /k B = 1800 K as an optimally fitted quantity since the plot of Ai C(T) vs. 1/T passes through all error bars of the ratio GT k 10 / LZ k 10 . In order to demonstrate the high sensitivity of Ai C(T) on E q , we also show a plot of Ai C(T) with E q /k B = 1430 K which is about 20% lower than the optimal value E q /k B = 1800 K. If the latter value is used within the SC exponential model of Section 4, with E a /k B = 4500 K, DE 10 /k B = 2700 K, we obtain W a D 10 and x a D 6.
On the other hand, a rough estimation of E q in eqn (3.2) can be made by assuming an exponential dependence of the diabatic curves on the reaction coordinate of eqn (4.3) which expresses E q by eqn (4.7). The parameter a with the asymptotic behavior of the exchange interaction from ref. 29 , is estimated to be close to 2 a.u. Substituting this value in eqn (4.7) and identifying m q with the reduced mass of the collision partners m = 17.14 a.m.u., we obtain E q /k B = 1430 K. Fig. 4 shows that this value of E q /k B apparently is too small for a correct description of the tunneling effect in k 10 .
Within the same scheme as above, a higher value of E q might be obtained if the m q could be identified with the effective mass of the coordinate which is normal to the dividing surface in the region close to the lowest crossing energy point E a . In the present case, the dividing surface becomes a crossing line R = R c (y), which is defined as a solution of the equation
In turn, the minimum energy on the V 00 PES along the crossing line is attained at a certain angle y = y a , and two coordinates y a and R a R R c (y a ) determine the apparent activation energy E a = V 00 (R a ,y a ).
The effective mass m eff a simulates the combined effect of the relative radial motion NO-Ar and the hindered rotational motion of NO along a two-dimensional trajectory that passes through the point R a , y a normally to the crossing line. The expression for m On the other hand, (dR c /dy) y=y a can be calculated from eqn (5.1) if one assumes an explicit expression for DV(R,y). This can be derived from the argument that the difference DV(R,y) is determined by the exchange interaction of the electrons of the Ar atom with the electron of NO that occupies the outer 2p 00 molecular orbital. 3, 4 Taking this interaction in its asymptotic form when the 2p 00 MO of NO is approximated by a dp atomic orbital counted from the center of mass of NO, 3, 4 we write:
where R 0 is a reference radius which enters into scaling of DV(R,y). With this definition of DV(R,y), the crossing curve of a two-lobe rosette shape lies inside the circle of radius R 0 and touches it at y = p/4 and 3p/4. The calculation of (dR c /dy) y=y a from eqn (5.2) with the restriction by eqn (5.4) yields
This expression determines the value of y a which is consistent with the fitted value of m With E q /k B = 1800 K we find m eff a E m/2 and the above values of a, r e , M, and m make the r.h.s. of eqn (3.8) equal to À0.72. This yields y a = 1.1 which is close to p/3.These results are summarized in Fig. 5 which shows a part of the lobe (full red line bounded in the lower-right corner to indicate the nonasymptotic region of the exchange interaction). The lobe touches the reference circle at y = p/4 (dashed red line), and the equipotential line V 00 (R,y) = E a at y a = p/3 (blue dash-dotted line). The transition state (encircled green region) is located near the latter touching point, and the reaction coordinate is normal to the lobe line at this point (an arrow). Fig. 5 , therefore, will provide a qualitatively correct picture of the non-adiabatic transitions near the configuration of the activated complex in a position which is defined through its angular coordinate. What is missing here is the value of the radial coordinate R a of the activated complex. Instead of this, we have the transition state energy E a which was recovered from the Arrhenius plot of the LZ rate relaxation coefficient in the temperature range where the tunneling is negligible. The relation between E a and R a could be established from the information on the V 00 PES.
Conclusion
The present work analyzes deviations from an Arrhenius temperature dependence of the rate constant of the vibrational relaxation of NO(X 2 P, v = 1) in Ar. These are attributed to tunneling nonadiabatic transitions between initial (A 00 , v = 1) and final (A 0 , v = 0) vibronic PESs. The tunneling probability is approximately described by a linear model of the nonadiabatic interaction in its weak-coupling limit, when the transition probability can be expressed through the Airy function. The fitting of the parameters in the tunneling correction factor indicates a substantial contribution from the rotation of NO to the nonadiabatic tunneling. Limitations of the linear model, which arise from a too thin barrier and an unrestricted lower bound of the collision energies within a model of linear crossing diabatic curves, are also noted. The reported experimental value of k 10 at T E 300 K being about 10 À17 cm 3 s À1 (ref. 9 and 10) is about three orders of magnitude higher than the value for LZ k 10 from the LZ treatment, eqn (2.1) and its extrapolation to room temperature (see Fig. 1 ). The large difference between k 10 and LZ k 10 apparently can be attributed to tunneling. We note, however, that the Airy approximation certainly breaks down for experiments at temperatures as low as room temperature. (In addition, one should also be aware of reservations about the experimental values of k 10 near 300 K which were expressed in ref. 30) . Obviously, more experimental measurements of the relaxation rate coefficients at lower temperatures are desirable. Furthermore, more general two-dimensional models of nonadiabatic coupling including tunneling are required which should be based on ab initio calculations of adiabatic PESs for interaction energies above those already available. [12] [13] [14] Of course, the use of the full multichannel treatment in calculating the rate coefficient would be ideal, but this is not possible unless the dependence of the potentials on the N-O distance is known. Moreover, here it is not clear how one can determine the tunneling correction coefficient without the full quantum calculation of the rate coefficient. In our paper, which addresses a more modest aim to only estimate the tunneling correction without full calculation of the rate coefficient, we have identified the ''reaction coordinate'' of the transition state approach by considering the shape of the crossing line found from the asymptotic form of the exchange interaction between the 2p 00 electron of MO and electrons of the Ar atom, the approach which has already been introduced quite some time ago 3, 4 and used recently again. 16 In this way, it became possible to derive a simplified expression for the tunneling correction coefficient that depends on two dimensionless parameters, d and W, which in turn are expressed through the conventional physical parameters, the energy E a at the crossing point, the steepness of the potentials a at the crossing point and the effective mass m eff for the motion along the ''reaction coordinate''. Once the latter is identified, E a , a, and m eff can be determined for any crossing PES, including those calculated ab initio in different approximations. We conclude this work by emphasizing the interesting intermediate position of the present relaxation system with a two-state vibronic curve-crossing mechanism between the Landau-Teller mechanism without curve-crossing and even more efficient vibrational relaxation in chemically interacting situations with the participation of several vibronic states. The latter was observed, e.g. for NO relaxation in collisions with NO, NO 2 , O, Cl and I (see ref. 7, 8 and 31) where it was shown that relaxation and recombination (here forming (NO) 2 . N 2 O 3 , NO 2 , NOCl, and NOI) are directly related (see ref. 32 ).
